We propose variable pumping frequency (VPF) scheme which is merged with the previous reconfigurable charge pump (RCP) circuit that can change its architecture according to a given sunlight condition. Here, merging the VPF scheme with the architecture reconfiguration can improve percentage output currents better by 21.4% and 22.4% than RCP circuit with the fixed pumping frequencies of 7 MHz and 15 MHz, respectively. Comparing the VPF scheme with real maximum power points (MPP), the VPF can deliver 91.9% of the maximum amount of output current to the load on average. In terms of the power and area overheads, the VPF scheme proposed in this paper consumes the power by 0.4% of the total power consumption and occupies the layout area by 1.61% of the total layout area.
Introduction
Solar energy is one of the most popular energy sources that can be harvested from environment because of its ubiquitous availability and high power density, and that DC voltage and current can be directly obtained from sunlight [1] [2] [3] . Due to these advantages that are mentioned just earlier, harvesting solar energy becomes more popular and useful in various applications such as wireless sensor networks (WSN) [4, 5] . Among various solar energy harvesting systems, in this paper, we consider a simple capacitor-based charge pump circuit for harvesting a small amount of solar energy [6, 7] . The charge pump circuit with small-scale energy harvesting can be implemented with low cost and simple architecture; thus, it can be suitable to tiny low-power and low-cost systems such as WSN systems.
One problem in developing solar energy harvesting systems is that sunlight is not static but changes dynamically. As a result of this dynamic variation of sunlight, an amount of solar energy that can be converted to electrical voltage and current by energy harvesting systems can be changed. When sunlight is very strong, the amount of solar energy that can be converted to electrical voltage and current is large. On the contrary, for weak sunlight, the amount of solar energy is small; thereby, the converted amounts of voltage and current become small, too. Figure 1(a) shows the current-voltage relationship of solar cell for various sunlight conditions. For the sunlight intensity as strong as 38 mA, maximum power point (MPP) that means a bias point that can deliver maximum amount of current-voltage product of solar cell is given at SC = 2.97 V and SC = 32.7 mA. Here SC and SC are the solar cell's voltage and current, respectively. If the sunlight intensity becomes as small as 2 mA in weak sunlight condition, the MPP moves to SC = 1.81 V and SC = 1.61 mA, as shown in Figure 1 (a). Figure 1(b) shows the relationship of solar cell's voltage and power, where the solar cell's power is calculated with the product of SC and SC . One more thing to note here is that the sunlight intensity should be expressed by lumen or candela unit. In this paper, however, we expressed the sunlight intensity by amount of solar cell's photocurrent, because the solar cell's photocurrent is directly depending on the sunlight intensity [8] . Instead of using lumen or candela, the solar cell's photocurrent for representing sunlight intensity can make us easier in understanding the energy harvesting system. Lee et al. proposed a reconfigurable charge pump (RCP) circuit that can adjust the architecture among the serial, the parallel-serial, and the parallel modes according to sunlight variation to deliver the largest amount of power to the output at a given sunlight condition [9] . The conceptual diagrams of operation of RCP circuit are shown in Figures 2(a) , 2(b), and 2(c), where weak, moderate, and strong sunlight conditions are illustrated, respectively. In Figure 1 (a), we can know that SC and SC in weak sunlight are smaller than moderate and strong sunlight conditions. In Figure 2 (a) SC in weak sunlight is as low as 1.81 V which is about 71.3% of the opencircuit voltage ( OC ) in Figure 1(a) . On the contrary, the output voltage, BAT , should be the same with the charging voltage of lithium ion batteries, that is, as high as 4.2 V. Thus the number of stages of charge pump's architecture should be large enough to generate 4.2 V from 1.81 V.
One more thing to consider here is that an amount of pumping current should be small in weak sunlight because the solar cell can deliver only small amounts of SC and SC to the load. Here we can think that the serial architecture of charge pump in Figure 2 In Figure 2 (b), we assume that sunlight intensity is moderate, where SC becomes 2.40 V, that is, higher than SC = 1.81 V in weak sunlight. For the amount of SC , SC in moderate sunlight is larger than weak sunlight, as shown in Figure 1 (a). Owing to these higher SC and larger SC in the moderate sunlight condition than the weak condition, we can consider the parallel-serial architecture more suitable than the serial in Figure 2 (a) in delivering larger output current to the load. In the parallel-serial architecture, two UPs are in parallel and two parallel-connected pumps are in series, as shown in Figure 2 As explained just earlier, RCP circuit can maximize the amount of output current, by choosing the most suitable architecture among the serial, parallel-serial, and parallel architectures at a given sunlight condition [9] . However, performance of RCP circuit can be improved more by adding variable pumping frequency (VPF) scheme to the reconfigurable architecture. By merging the VPF scheme with the reconfigurable architecture, the charge pump which is proposed in this paper can track MPPs better than charge pumps only with the reconfigurable architecture.
Variable Pumping Frequency Scheme with
Reconfigurable Charge Pump's Architecture
Figures 3(a), 3(b) , and 3(c) show the amounts of output current of RCP circuit for weak, moderate, and strong sunlight, respectively, with varying the pumping frequency.
In Figure 3 (a) with weak sunlight intensity from 1.5 mA to 2.5 mA, the pumping frequency is varied from 1 MHz to 30 MHz to find the best pumping frequency at which the charge pump can deliver the largest amount of output current [10] . From Figure 3 pumping frequency of delivering the maximum power to the load moves to around 2.75 MHz. For the light intensity as much as 2.5 mA in Figure 3 (a), the charge pump can be the best in harvesting solar energy around PUMP = 3MHz.
Here we can know that pumping frequency for MPP becomes higher with increasing the sunlight intensity. Similarly, with moderate sunlight, we varied the pumping frequency to find the MPPs, where the largest amount of power can be harvested from environmental solar energy. For the moderate sunlight intensities of 3 mA, 9 mA, and 15 mA, respectively, in Figure 3 (b), the pumping frequencies of MPPs are found at 3 MHz, 7 MHz, and 9 MHz, respectively. architecture can harvest more power from environment than the charge pump circuit with only the fixed pumping frequency. Figure 3(d) shows the pumping frequencies at MPPs with varying sunlight intensity from 1.5 mA to 58 mA that includes weak, moderate, and strong sunlight intensities. From Figure 3(d) , it is indicated that the pumping frequency as low as 2.5 MHz for the sunlight intensity = 1.5 mA can harvest the largest amount of power from solar energy. If the sunlight intensity becomes 28 mA, the frequency at MPP is increased to 12 MHz. For the largest sunlight intensity as large as 58 mA, the best frequency for delivering the maximum amount of output current can be found around 23 MHz. sunlight intensities from 2.5 mA to 15.5 mA. On the contrary, if the intensity is increased stronger than 15.5 mA, the output current of RCP circuit with PUMP = 7MHz begins to deliver much smaller output current than MPPs. For the fixed pumping frequency of 15 MHz, the amounts of output current with PUMP = 15 MHz are very comparable to the MPPs in strong sunlight intensities from 15.5 mA to 58 mA. However, for lighter intensities, the fixed pumping frequency of 15 MHz cannot give the output current as much as MPPs. From Figure 4 , we can know that no fixed frequency can have the amounts of output current that are similar with the MPPs in the entire range of sunlight intensity. Thus, we need to propose the VPF scheme that can be added to the previous RCP circuit, where the pumping frequency can be changed according to a given sunlight condition to deliver the largest amount of output current to the load at this given intensity.
To give more analytical explanation on relationship of MPP and PUMP , we can start from the following equation of the input current of RCP circuit, IN [10] :
Here, is the ideal current efficiency of RCP circuit and 1 is the proportional coefficient between the charge pump's input current and the pumping frequency that accounts for switching loss and reverse current of RCP circuit that depend on the pumping frequency [10] . In this paper, we can think that the solar cell delivers the input current to RCP circuit with the additional control circuit which is needed to adjust the architecture and pumping frequency according to a sunlight variation. The solar cell's current can be expressed with [10] 
Here DC means the static current which is consumed in RCP circuit and the controller circuit. 2 means the switching loss in the additional control circuit. By combining (1) and (2), we can calculate OUT with
As we increase PUMP , SC becomes larger; thus, we can have more OUT at the load. However, once SC starts to saturate, OUT should be lowered because of −( 1 + 2 ) PUMP in spite of increasing PUMP . Thus, we can have an optimum pumping frequency for a given sunlight condition, at which the charge pump circuit can deliver the largest amount of output current to the load.
From (3), we can extract three parameters of , DC , and 1 + 2 using the least-square fitting method [11] . For the strong sunlight condition with the parallel architecture, the extracted values of , DC , and 1 + 2 are 0.607, 3.89 A, and 0.744 mA/Hz, respectively.
If we know the value of , we can rewrite (3) as follows:
Equation (4) is shown in Figure 5 , where the symbols represent the simulated values of SC − OUT and the line is calculated with ( 1 + 2 ) PUMP + DC using the values of , DC , and 1 + 2 that are stated just earlier, as we increase the pumping frequency from 1 MHz to 30 MHz. From Figure 5 , we can see that the simulated values of SC − OUT are in good agreement with the calculated values of ( 1 + 2 ) PUMP + DC . The good agreement between the simulation and the model in (4) indicates that (3) can describe the charge pump's output current well.
New Reconfigurable Charge Pump Circuit Merged with Variable Pumping Frequency Scheme
In this session, a new RCP circuit is proposed, where the reconfigurable architecture is merged with the VPF scheme, as shown in Figure 6 (a). Here the solar cell is connected to the voltage divider with the division ratio as much as 0. reconfigured by controlling the reconfiguration switches [9] . As well explained in [9] , three modes of RCP circuit are available in Figure 6 The 0.5 ⋅ OC , that is, a signal before the S&H circuit in Figure 6 (a) goes into the variable frequency block (VFB), where the solar cell's voltage, SC is compared with 0.5 ⋅ ⋅ OC − Δ and 0.5 ⋅ ⋅ OC + Δ to decide the optimum pumping frequency, at which the maximum solar power can be harvested from environment. Here is a fractional constant of OC and the value used in this simulation is 0.8. It is well known that the solar cell can deliver the maximum power to the load, when SC is close to a fractional opencircuit voltage, ⋅ OC , even though can be different for various kinds of solar cells [12] . If the optimum pumping frequency is found, the voltage-controlled oscillator (VCO) applies the obtained PUMP of MPP to RCP circuit. The schematic of UP circuit is shown in the inset of Figure 6 Figure 6 (a). The capacitance used in the simulation is 50 pF. CLKB and CLK are the two-phase clocking signals that enter CAP 1 and CAP 2 , respectively. Figure 6(b) shows the detailed schematic of VFB with VCO circuit. For VCO circuit, the general scheme which is based on simple ring oscillator is used in this paper [13] . Figure 6 (c) shows the voltage and current waveforms in Figure 6 (a). If 0.5 ⋅ SC is between 0.5 ⋅ ⋅ OC − Δ and 0.5⋅ ⋅ OC +Δ, the charge pump (CP) in VFB keeps its output voltage, , which controls the VCO. If is not changed, the VCO's output frequency, PUMP , is not changed, too. Now let us explain the closed-loop operation of VPF scheme in Figure 6 (a) more in detail, as shown in Figure 6(c) . First, we can assume that 0.5 ⋅ SC is larger than 0.5 ⋅ ⋅ OC + Δ. At this time, the two comparators of 3 and 4 can give UP signal to CP and VCO in Figure 6 (a) to increase the pumping frequency higher. As the pumping frequency becomes higher, 0.5 ⋅ SC becomes lower. If 0.5 ⋅ SC is between 0.5 ⋅ ⋅ OC − Δ and 0.5 ⋅ ⋅ OC + Δ, the two comparators of 3 and 4 give STOP signal to CP and VCO; thereby, the pumping frequency is stabilized. If 0.5 ⋅ SC is lower than 0.5 ⋅ ⋅ OC − Δ, the comparators 3 and 4 generate DOWN signal to CP and VCO; thus, the pumping frequency becomes lower and 0.5 ⋅ SC can be raised little by little until 0.5 ⋅ SC is between 0.5 ⋅ ⋅ OC − Δ and 0.5 ⋅ ⋅ OC + Δ.
Simulation Results and Layout
The proposed circuit is verified by SPECTRE circuit simulation which is provided by Cadence Inc. The SPECTRE simulation model was obtained from Magna 0.35 m CMOS process technology. Figure 7 (a) compares the percentage amounts of output current among 3 schemes of the reconfigurable charge pump circuit, with respect to MPPs. Here " PUMP = 7 MHz" in Figure 7 (a) means that the output current of RCP circuit is obtained when the pumping frequency is fixed at 7 MHz. For " PUMP = 7 MHz", even though the sunlight condition is changed, the pumping frequency is fixed at 7 MHz for all the sunlight conditions. In Figure 7 (a), the fixed pumping frequency as low as 7 MHz is decided by the fact that the charge pump circuit can deliver the maximum output current at PUMP = 7 MHz for the moderate sunlight condition of the intensity = 9 mA, as shown in Figure 3(b) . In Figure 7 (a), PUMP = 15MHz is the output current of RCP circuit when the pumping frequency of Figure 6 (a) is fixed at 15 MHz. Similarly, with " PUMP = 7 MHz", the fixed pumping frequency as high as 15 MHz is decided because the charge pump can have the largest output current for the strong sunlight condition of intensity = 38 mA, as shown in Figure 3 (c). In Figure 7 (a), "VPF" means that the pumping frequency of the reconfigurable charge pump can be variable according to the sunlight conditions. Here the pumping frequency is decided to meet the condition where the solar cell's voltage, 0. for various sunlight conditions are obtained by the circuit simulation of the charge pump with varying the pumping frequency from 1 MHz to 30 MHz. From Figure 7 (a), " PUMP = 7MHz" shows 99.6% of the maximum output current, at the moderate sunlight condition. However, " PUMP = 7 MHz" shows only 63.1% and 48.9% at the weak and strong sunlight conditions, respectively. This fact tells us that PUMP as low as 7 MHz can deliver the largest amount of OUT in only moderate sunlight intensity compared to weak and strong sunlight intensities. If sunlight intensity becomes different from the moderate condition, percentage of OUT with respect to the MPP becomes much smaller. " PUMP = 15 MHz" can deliver 99.9% of the maximum output current in strong sunlight. In spite of this large output current in strong intensity, RCP circuit at the fixed pumping frequency of 15 MHz can generate as low as 33.8% and 74.7% of the maximum OUT , in the weak and moderate sunlight condition, respectively. Unlike the cases of the fixed pumping frequencies of PUMP = 7 MHz and 15 MHz, the VPF scheme which is proposed in this paper shows 91.9% of the maximum amounts of current for all the sunlight conditions from weak to strong intensity, on average. The large amounts of output current in the VPF scheme can be delivered to the load in a wide range of sunlight intensity from weak to strong. Figure 7 (b) compares the VPF scheme with respect to MPPs from the sunlight intensity from 1.5 mA to 58 mA. For the entire range of sunlight intensity, the VPF scheme shows that amounts of the output current are similar with MPPs that are obtained from Figures 3(a) , 3(b) , and 3(c). Figure 8 shows the layout of the proposed RCP circuit with VPF scheme. The VPF scheme which is added in this paper occupies an area as small as 1.61% of the total layout area. The power overhead which is caused by the added VPF scheme is estimated only as small as 0.4% of the total power consumption, for the sunlight condition as strong as 38 mA. If the sunlight conditions become as weak as 9 mA, the power overhead is increased to 1.7%. This is due to the fact that the solar cell's current becomes smaller with decreasing the sunlight intensity, while the amount of power consumption of the VPF scheme is changed very little. Thus the percentage power overhead becomes worse with decreasing sunlight intensity.
Conclusion
In this paper, the VPF scheme was proposed to be merged with the previous RCP circuit that can change its architecture according to a given sunlight condition. Merging the VPF scheme with the architecture reconfiguration can improve the percentage OUT better by 21.4% and 22.4% than the fixed pumping frequencies of 7 MHz and 15 MHz, respectively. Comparing the VPF scheme with the available maximum output currents, the VPF can deliver 91.9% of the maximum OUT to the load on average. In terms of the power and area overheads, the VPF scheme proposed in this paper consumes the power by 0.4% of the total power consumption and occupies the layout area by 1.61% of the total layout area.
